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Hydrogen termination of diamond results in a negative electron affinity and gives the H-terminated diamond surface an ionisation potential lower than that of any known semiconductor. 1 This provides a mechanism by which a subsequently adsorbed water layer 2 or molecular species such as fullerene (C 60 ) and fluorofullerene (C 60 F 48 ) 3 may act as a surface acceptor giving rise to p-type accumulation of the underlying surface in an otherwise insulating material via surface transfer doping. This is accompanied by an upward band bending at the surface that is equivalent to a downward shift in the Fermi level towards the valence band maximum (VBM). 4 Atmosphere-induced surface conductivity, arising from a redox reaction between an adsorbed water layer and the diamond surface, 2 has been studied in detail and applied to device applications such as field effect transistors and chemical or biological sensors. 5 The use of molecular surface acceptors may be an important step towards the fabrication of devices with accurately controllable carrier sheet densities and reproducible characteristics. However, the application of molecular acceptors has been restricted due to the difficulty of preventing atmosphere-induced doping of samples not in vacuum. The present paper addresses this problem.
Unlike conventional semiconductor electronics, where the choice of donor or acceptor is restricted to atomic species that can be incorporated into the crystal lattice of the semiconductor, surface transfer doping offers the possibility of exploiting as acceptors a potentially wide choice of molecular systems with properties that can be systematically modified to control and functionalise the surface properties in addition to being dopants. Functionalisation of the surface charge transfer in diamond to control the level of doping is very much in its infancy and has focused on identifying molecular acceptors of different electron affinity. 6 An interesting alternative approach which is introduced in this paper is to exploit the interaction of two or more molecular species to form a "hybrid" acceptor that modifies the extent of surface transfer doping of an underlying H-terminated diamond surface compared to doping with one of the molecules alone. Surface transfer doping of diamond using such a molecular heterojunction has not been reported in the literature, but this approach would be potentially valuable because a diverse range of interesting molecular systems exist with intermolecular interactions that may be functionalised via a response to electrical, magnetic or optical excitation. 7 This paper explores the effect of the introduction of an intralayer of zinc-tetraphenylporphyrin (ZnTPP) between an acceptor layer and the underlying H-terminated diamond surface. The addition of a ZnTPP layer is found to prevent the development of a surface conductivity upon the subsequent exposure to air but permit fluorofullerene-induced surface conductivity. This importantly shows that a ZnTPP layer may be used to distinguish between the doping channels due to water and fluorofullerene acceptor layers. For the latter case, synchrotron-based photoelectron spectroscopy (PES) is used to show that a strong porphyrin-fluorofullerene interaction in the form of spontaneous charge transfer modulates the extent of doping of the diamond surface compared to the case of C 60 F 48 acceptors alone.
Experiments were performed using two synthetic (100)-orientated diamond single crystals: an un-doped sample (A) that was utilised for surface conductivity measurements and an identically prepared boron-doped sample (B) used for PES, the bulk conductivity eliminating the effects of charging during photoemission. The samples were cleaned by boiling in acid to remove metallic and non-diamond contamination and hydrogen terminated simultaneously in a microwave H-plasma at a sample temperature of 800 C for 45 min. The samples were exposed to air before being transferred to ultra-high vacuum (UHV, 10 À10 mbar) at the soft xray spectroscopy beamline of the Australian Synchrotron where subsequent processing, conductivity measurements, and PES measurements were performed. The samples were mounted side-by-side onto a Mo sample holder with an underlying heater for sample annealing; in this arrangement the treatment of the two samples during annealing and molecular dosing was identical. Prior to dosing with molecular adlayers, the samples were annealed in vacuum for 60 min at a temperature of 550 C to remove air-induced surface conductivity and physisorbed hydrocarbon contamination formed during exposure to ambient conditions. ZnTPP and C 60 F 48 adlayers were deposited by sublimation from quartz crucibles at a deposition rate of 1 Å /min determined using a quartz-crystal microbalance. Measurements were performed for the pristine H-terminated diamond surface, after deposition of a ZnTPP layer of thickness 1 monolayer (ML) and following the subsequent stepwise deposition of C 60 F 48 up to 0.9 ML in coverage. In addition, conductivity measurements were made after deposition of the ZnTPP layer and subsequent exposure to atmospheric conditions. Conductivity measurements were performed on sample A using a fourpoint-probe system in UHV. PES data from the C1s corelevels were obtained using sample B within the same UHV system using photon energies of 330 and 1200 eV, permitting measurements with surface and bulk sensitivity respectively. The binding energy (BE) of all spectra are referenced to the Fermi level using the 4f 7/2 core level at a BE of 84.00 eV observed for an Au sample in electrical contact with the diamond. Core-level spectra were analysed by background removal via the Shirley technique and peak fitting with a series of Voigt functions as described elsewhere. 8 Conductivity measurements obtained using sample A for different adsorbate layers are shown in Fig. 1 . An atmosphere induced surface conductivity of 2.67 Â 10 À8 X À1 was measured prior to annealing the samples in vacuum. After annealing in vacuum at a temperature of 550 C a conductivity not exceeding 2 Â 10 À9 X À1 was obtained, which was the lower limit of the measurement apparatus. The subsequent deposition of 1 ML ZnTPP did not give rise to an induced surface conductivity. Furthermore, the surface conductivity was found not to recover after the ZnTPP covered surface was exposed to air. In contrast, the deposition of C 60 F 48 on top of a freshly prepared ZnTPP intralayer caused a significant increase in surface conductivity, saturating at a level of 1.7 Â 10 À6 X À1 for a C 60 F 48 coverage of 0.5 ML. For the case of doping with C 60 F 48 , PES was used to explore in detail the role of ZnTPP in modifying the doping of the underlying diamond surface. The corresponding PES data obtained for sample B with a photon energy of 330 eV is shown in Fig. 2 ; the C 1s core-level spectra are shown for the pristine C(100):H surface (I), after deposition of a ZnTPP intralayer of thickness 1 ML (II) and after subsequent deposition of a C 60 F 48 adlayer of thickness 0.3 to 0.9 ML (III-V). For hx ¼ 330 eV, the escape depth of the detected photoelectrons is approximately 3.5 Å , so that the core levels 2012) corresponding to the adsorbed ZnTPP and C 60 F 48 layers are easily identified. For the pristine C(100):H surface, a group of C1s lines arise from a dominant core level associated with pure bulk diamond (labelled B) at a BE of 284.25 eV and surface C-H and C-H x components shifted to higher BE by 0.26 and 0.50 eV with respect to the diamond bulk component. In addition, a small surface dimer peak (labelled D) is evident shifted to lower BE. 8 The ZnTPP layer introduces a broad peak (labelled Z) positioned to the high BE side of the diamond peak and two small shake-up satellite peaks. The main ZnTPP peak has been fitted with a series of four C1s lines each of which corresponds to differently bonded carbon atoms within the tetraphenylporphyrin molecule; the relative intensity and position of the individual lines is consistent with the work of Cudia et al. 9 The introduction of ZnTPP causes no apparent shift in the position of the diamond lines relative to E F and hence no band bending. This is consistent with the absence of surface conductivity when the porphyrin layer is introduced. The subsequent deposition of fluorofullerene introduces two further C1s lines separated by 2.07 eV 6 0.05 eV and positioned to the high BE side of the tetraphenylporphyrin feature. They correspond to the sp 2 hybridised carbon of the C 60 cage with bonds to three neighbouring carbon atoms (C-C) and to C 60 F 48 carbon atoms bonded to fluorine (C-F). 10 For coverages of 0.5 ML and above the C-C and C-F lines require two distinct components for a proper fit (labelled C-C, (C-C) À and C-F, (C-F) À , respectively). This indicates the presence of two distinct molecular charge states, the origin of which has been discussed by us elsewhere for the case of C 60 F 48 adsorbed directly on the C(100):H surface. 11 The lines at lower BE (labelled (C-C)
À and (C-F) À ) correspond to ionized molecules that participate in surface charge transfer with the underlying layers by accepting an electron, while the lines at higher BE (C-C and C-F) correspond to neutral molecules that do not. An increasing contribution of non-doping neutral fluorofullerenes is observed as the coverage increases and the surface charge transfer process saturates. The C 60 F 48 adlayer induces a significant shift of about 1.2 eV in the position of the ZnTPP peak (Z), which signals charging of the ZnTPP, consistent with p-type doping of porphyrin-based semiconducting layers by fullerene reported elsewhere. 12 The additional fluorofullerene causes the diamond bulk peak (B) to shift towards lower BE as well, signalling p-type doping also of the underlying diamond substrate. Changes in the C1s core level of diamond are more clearly distinguished in PES measurements with a photon energy 1200 eV, where the enhanced escape depth of about 20 Å suppresses the interfering spectral features of the adlayer species. We therefore use data obtained at 1200 eV to accurately determine the downward shifts in the C1s core level BE of diamond relative to E F . The corresponding downward shift in the diamond Fermi energy with respect to the VBM is plotted in Fig. 3 . They were calculated using the fixed energy separation of the VBM to the C1s core level of 283:960:1eV as reported by Maier et al. 13 In evaluating changes in surface potential from shifts in the C1s BE, one has to recognise that band bending may occur on a length scale comparable to the photoelectron escape depth. A convolution of the C1s line with the band profile leads to an asymmetric broadening of the diamond C1s line towards lower BE and an underestimation of the surface potential change as derived directly from the core level shift. The necessary correction was applied as explained by Edmonds et al. 4, 14 In Fig. 3 the un-corrected values for E F À E VBM are plotted along with the corrected values. The maximum band bending amounts to 0.4 eV, with the Fermi energy lying 0.05 eV below the VBM. For comparison corrected E F À E VBM values determined as a function of C 60 F 48 coverage in the absence of a ZnTPP intralayer are also shown. 14 The absence of a ZnTPP induced surface conductivity prior to the deposition of fluorofullerene is understood on the basis of its low electron affinity. The electron affinity of ZnTPP is 2.3 eV, 15 similar to that of C 60 for which charge transfer from an underlying H-terminated diamond surface proceeds only when sufficient C 60 is deposited to form a van-der-Waals solid with increased affinity. 3 In contrast, C 60 F 48 has a high doping efficiency even in its molecular form because the electron affinity increases with fluorination and reaches 4.06 eV for C 60 F 48 . 16 The present study shows that C 60 F 48 is an efficient surface acceptor even after the introduction of an intermediate ZnTPP layer and that the tetraphenylporphyrin layer modulates the level of doping as indicated by a smaller shift in the diamond Fermi energy compared to the case of C 60 F 48 alone. There are two possible roles that the ZnTPP layer may play in modifying the fluorofullerene-surface interaction. The first is as a dielectric layer that displaces the C 60 F 48 away from the surface by a distance equal to the thickness of the ZnTPP film but is otherwise inert. As we shall explain below, this scenario is unlikely. Alternatively, the porphyrin intralayer may interact electronically with the fluorofullerene layer. The interaction between porphyrin-and fullerene-derived molecules has been reported extensively in the literature as a potential donor-acceptor heterojunction for organic electronics and photovoltaic applications. 12 The large downward shift of the C1s BE of ZnTPP in response to the deposition of C 60 F 48 (Fig. 2) the holes in ZnTPP and in diamond. A fluorofullerene coverage of 1 ML corresponds to an areal density of 7.8 Â 10 13 C 60 F 48 molecules/cm À2 . For a fluorofullerene coverage of 0.3 ML the diamond Fermi energy is aligned with the VBM (Fig. 3) . Making use of the universal relationship between E F À E VBM for diamond and the underlying hole sheet density, which is independent of acceptor species, 4, 11, 14 this infers a hole sheet density of 7 Â 10 11 cm À2 in the underlying diamond surface. In Fig. 2 (III) the fluorofullerene components are fitted with single C1s lines, suggesting a contribution from doping C 60 F 48 only. For a coverage of 0.3 ML this corresponds to 2.3 Â 10 13 cm À2 ionised C 60 F 48 molecules, suggesting that about thirty holes are induced in the ZnTPP adlayer for each hole in the underlying diamond surface. This charge transfer couples the two molecules to effectively form a hybrid surface acceptor layer with a doping efficacy lower than that of C 60 F 48 alone. For the case of C 60 F 48 on the pristine C(100):H surface, we have shown that surface charge transfer establishes an interface dipole layer that effectively increases the acceptor energy. 4, 11 For this reason, in the present case an interface dipole arising from the observed spontaneous charge transfer between the ZnTPP intralayer and C 60 F 48 would limit the amount of charge that may transfer between the underlying diamond surface and the fluorofullerene, so that the hybrid acceptor layer has a lower doping efficiency than for C 60 F 48 alone.
In summary, a combination of surface conductivity and core level C1s measurements have been employed to demonstrate the surface transfer doping of C(100):H with C 60 F 48 coupled to a ZnTPP intralayer. In contrast to doping by C 60 F 48 alone, a ZnTPP intralayer was found to prevent atmosphere-induced surface conductivity. The absence of an induced surface conductivity in this case was verified using two additional samples and it was found that the conductivity did not recover under atmospheric conditions for several days. The use of a ZnTPP layer to prevent air-induced conductivity and permit doping with C 60 F 48 importantly shows that a ZnTPP intralayer may be used to selectively separate the doping channels of two different acceptor layers. Demonstration of diamond transfer doping with a molecular heterojunction will motivate the study of other functional molecular complexes. In particular, a diverse range of porphyrin-fullerene derivatives exist that are optically active and may permit the optical control of the underlying surface conductivity.
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